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Executive Summary: This Young Investigator Proposal has so far lead to 10 publications in 

high impact journals, as well as, widespread domestic and international popular press coverage. 

Results from this work have also been presented in 15 different invited talks. The project 

involved five undergraduate students, two graduate students and a postdoctoral research 

associate. A few of the publications resulting from this work have been summarized below. A 

list of all 10 manuscripts published based on this work is provided in the end. Three more 

publications based on this work are either submitted or in preparation. 

 

Manuscript 1: “Hierarchically structured superoleophobic surfaces with 
ultra-low contact angle hysteresis”, Arun K. Kota, Yongxin Li, Joseph M. 
Mabry, and Anish Tuteja, Advanced Materials, 2012, Volume 24, Issue 
43, pages 5838–5843.  
Journal Impact Factor:   14.829     Times Cited: 30 
 
Summary: Superoleophobic surfaces can repel essentially any contacting 

liquid, including various low surface tension liquids. A surface is 

considered superoleophobic if the apparent contact angle θ* for the contacting liquid droplet is 

greater than 150° and the surface displays low contact angle hysteresis Δθ* (the difference 

between the advancing and receding contact angles).1 While there are several natural and 

engineered superhydrophobic surfaces (θ* > 150° and Δθ* < 5° for water), there are no naturally 

occurring superoleophobic surfaces. This is because low surface tension liquids, such as various 

oils and alcohols, tend to easily wet and spread on most solid surfaces. Superhydrophobic 

surfaces have been extensively investigated, both experimentally and theoretically, in the past 

decade.2-13 In comparison, there are significantly fewer publications on developing 

superoleophobic surfaces. In recent work, we1,14-17 and others18-20 explained how re-entrant 

surface curvature in conjunction with surface chemistry and roughness can be used to design 
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superoleophobic surfaces. While several surfaces have now been engineered with θ* > 150° for 

various low surface tension liquids, none of them,19-30 including our previous work,1,14-17 

reported a contact angle hysteresis Δθ* < 5° with liquids possessing a surface tension lower than 

that of n-hexadecane (γlv= 27.5 mN m-1). Note that Δθ* < 5° has been reported before on surfaces 

that show low apparent contact angles (θ* < 120°).31 However, such surfaces require a 

lubricating liquid film. Developing superoleophobic surfaces with ultra-low contact angle 

hysteresis can extend the applications of superhydrophobic surfaces to low surface tension 

liquids, as well as, open avenues to new applications. Such surfaces are expected to be critical 

for a range of applications including stain-free textiles and spill-resistant protective wear,24 

enhanced solvent-resistance,29 self-cleaning,9 reduction of bio-fouling,32 finger-print resistant 

surfaces for flat-panel displays, cell-phones and sunglasses,33 drag reduction,34 developing truly 

‘non-stick’ coatings and icephobicity.35 

In this work, we developed a simple, single-step technique, based on electrospinning 

microbeads onto textured surfaces, to develop re-entrant, hierarchically structured, 

superoleophobic surfaces. We also demonstrated that we could tune the contact angle hysteresis 

on these hierarchical surfaces by systematically varying the inter-feature spacing for both the 

coarser length scale and the finer length scale features. The low surface energy and the 

significantly reduced solid-liquid contact area allow our hierarchically structured surfaces to 

exhibit ultra-low contact angle hysteresis even for extremely low surface tension liquids such as 

n-heptane (with θoil < 90°). This ultra-low contact angle hysteresis allows, for the first time, 

droplets of essentially any contacting liquid, including n-heptane, to easily roll-off (roll-off 

angles ω ≤ 2°) and bounce on our surfaces. This result was particularly interesting given that the 

materials used to fabricate the superoleophobic surfaces are inherently oleophilic. 
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Figure 1. a) SEM image of a stainless steel mesh 70 uniformly coated with electrospun 
microbeads of 50 wt% fluorodecyl POSS + PMMA blend. B) Droplets of rapeseed oil (γ lv  = 
35.7 mN m-1), n-hexadecane (γ lv  = 27.5 mN m-1), n-dodecane (γ lv  = 25.3 mN m-1) and n-heptane 
(γ lv  = 20.1 mN m-1) showing very high apparent contact angles on the surface shown in a). c) 
Advancing and receding apparent contact angles for various liquids on a hierarchically structured 
surface, as well as, on surfaces with the coarser length scale texture only and on surfaces with the 
finer length scale texture only. The receding contact angle legends are not visible for the 
hierarchically structured surfaces because of the ultra-low contact angle hysteresis. D) and e) 
SEM images showing the vicinity of the contact line along the coarser length scale texture and 
the finer length scale texture, respectively, of the hierarchically structured surface. The 
distortions in the contact line are evidence of air trapped at both the length scales. F) Roll-off 
angles of various liquids on the hierarchically structured surface. The inset shows a n-heptane 
droplet rolling on a hierarchical surface at a roll-off angle ω = 3°. 
 

Manuscript 2: “Patterned Superomniphobic-Superomniphilic Surfaces: Templates for Site-
Selective Self-Assembly”, Sai P.R. Kobaku, Arun K. Kota, Duck Hyun Lee, Joseph M. Mabry, 
and Anish Tuteja, Angewandte Chemie -  International Edition, 2012, 51, 10109.   
 
Journal Impact Factor:  13.734            Times Cited: 13 
 

Summary: Superhydrophobic surfaces display apparent contact angles greater than 150° and 

low contact angle hysteresis with water, while superoleophobic surfaces display apparent contact 
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angles greater than 150° and low contact angle hysteresis with low surface tension liquids such 

as oils and alcohols.1,15-17 Superomniphobic surfaces display both superhydrophobicity and 

superoleophobicity. Similarly, superomniphilic surfaces display both superhydrophilicity and 

superoleophilicity i.e., apparent contact angles ~ 0° with both water and low surface tension 

liquids.36 Patterned surfaces containing well defined domains that display both these extreme 

wetting properties have many potential applications in fog harvesting and liquid transport,37,38 

microchannels and microreactors,39-44 enhanced condensation45-47 and boiling48-50 heat transfer, 

and the directed growth of thin films.51-53 Further, such surfaces can also serve as templates for 

the wettability-driven self-assembly of liquids,39-44 micro- or nano-particles,54-57 and DNA.58 

However, the majority of patterned surfaces developed thus far exhibit extreme wettability 

contrast only with high surface tension liquids such as water (surface tension, = 72.1 mN m-1), 

thereby limiting the applications of such surfaces mostly to surfactant-free aqueous systems.39-58 

 

 In order to expand the application range to non-aqueous systems, especially those with 

low surface tension liquids such as oils (e.g., heptane,  = 20.1 mN m-1) and alcohols (e.g., 

methanol,  = 22.5 mN m-1), it is crucial to develop patterned superomniphobic-

superomniphilic surfaces. While there have been a few reports on switchable superoleophobic-

superoleophilic surfaces,14,59-61 there are currently no reports on either superoleophobic or 

superomniphobic surfaces that are patterned with regular, well-defined superomniphilic domains 

(or vice-versa). Recent work1,15-20 has explained how re-entrant surface texture, in conjunction 

with surface chemistry and roughness, can be used to design superomniphobic surfaces. In this 

work, we report a simple, fast and practical methodology to develop patterned superomniphobic-

superomniphilic surfaces that exhibit stark contrast in wettability with a wide range of polar and 

non-polar liquids. Using these surfaces, we demonstrate the site-selective self assembly of 

γ lv

γ lv

γ lv
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heptane upon dipping and spraying on textured surfaces, site-selective condensation and boiling 

with low surface tension liquids, and site-selective self-assembly of both polymers and 

microparticles. 

 

Figure 2: a) and b) Site-selective self-assembly of UV fluorescent green microspheres dispersed 
in water and UV fluorescent red microspheres dispersed in heptane, respectively. (a) and (b) 
were obtained under a 365 nm UV lamp and the corresponding insets show higher magnification 
optical microscope images. C) Site-selective self-assembly of PVP dissolved in water using 800 
µm diameter circular superomniphilic domains. D) and e) Site-selective self-assembly of PIB 
dissolved in heptane using 800 µm and 100 µm diameter circular superomniphilic domains, 
respectively. F), g), and h) Site-selective self-assembly of PIB using superomniphilic domains of 
non-circular shapes. C), d), e), f), g) and h) were obtained using fluorescent microscopy and 
scale bars represent 1 mm. 
 
Manuscript 3: “High Efficiency Thin Upgraded Metallurgical-Grade Silicon Solar Cells on 
Flexible Substrates”, Jae Young Kwon, Duck Hyun Lee, Michelle Chitambar, Stephen 
Maldonado, Anish Tuteja, and Akram Boukai, Nano Letters, 2012, 12, 10, 5143-5147. 
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Journal Impact Factor:    13.025      Times Cited: 9 
 
Summary: The solar cell market has experienced tremendous growth in past several years, and 

silicon accounts for more than ~90 % of the market due to advantages of earth abundance, good 

reliability, performance and a wealth of silicon materials processing knowledge.62-64 However, 

the high cost (> $1/W) of solar-grade Si solar cells has hindered their immediate adoption in the 

commercial market.65-67 Currently, two major approaches have been pursued to reduce the cost 

of Si-based solar cells per watt: the adoption of low-cost Si such as metallurgical-grade (MG)65,67 

or upgraded MG (UMG) Si68,69 and reducing the usage of Si material by preparing ultrathin solar 

modules.70-72 UMG-Si is generally prepared by the chemical refining of raw Si,73 and it costs 

~$10 per kg, which makes it almost 5 – 10 times less expensive than solar-grade Si.74 The main 

disadvantage of UMG-Si is the high impurity level of the starting material leading to decreased 

minority-carrier lifetimes and device efficiency.66,67 Solar cell modules composed of ultrathin 

microcells allow for increased efficiency with shorter collection pathways to the p-n junction, 

and also decrease the usage of Si.  However, the efficiency of ultrathin microcells decreases 

steeply due to inadequate optical absorption.70,71 

Nanoparticle and nanopillars arrays75-79 are two structures that have been utilized for 

enhancing optical absorption in Si solar cells. Nanoparticles arrays on top of a semiconducting 

surface can enhance optical absorption through localized surface plasmon resonances (LSPR). 

LSPR71,80-83 is the collective oscillation of conduction electrons stimulated by incident light at 

the interface between a metal (Ag, Au, Pt) and a dielectric, which enables the light to be 

concentrated and absorbed into the Si layer.81 Both the silver nanoparticles and the nanopillars 

arrays formed on the Si surface can also significantly increase light absorption by one or more of 

the following three mechanisms: 1) scattering incident light at oblique angles thereby increasing 
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the optical path-length,76 2) substrate-coupled Mie resonances,77 and 3) impedance matching 

caused by a tapered refractive index.78 In this work, we have combined the absorption 

enhancement effects of both the nanoparticle and nanopillars arrays, by creating a periodic and 

uniform metal nanoparticle array on top of a hexagonally close-packed array of silicon 

nanopillars.84 Various nanopatterning methods such as electron beam lithography85 and 

nanoimprint lithography86 have been previously employed to create periodic and uniform 

plasmonic metal nanoparticles. However, the low throughput of e-beam lithography due to serial 

processing, as well as, the difficulty in reproducing sub–50 nm features have severely limited 

their applicability.85-87 An alternative emerging approach to prepare a nanopatterned periodic and 

uniform array of metal particles is through the use of block copolymer lithography.82,88-91 Here 

we have developed thin film (< 20 µm) solar cells based on upgraded metallurgical-grade 

polycrystalline Silicon that utilize silver nanoparticles atop silicon nanopillars created by block 

copolymer nanolithography to enhance light absorption and increase cell efficiency η > 8 %. In 

addition, the solar cells are flexible and semi-transparent so as to reduce balance of systems costs 

and open new applications for conformable solar cell arrays on a variety of surfaces. Detailed 

studies on the optical and electrical properties of the resulting solar cells suggest that both anti-

reflective and light trapping mechanisms are key to the enhanced efficiency. 
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Figure 3: High Efficiency Thin Upgraded Metallurgical-Grade Silicon Solar Cells on Flexible 
Substrates 

 
Manuscript 4: “Superomniphobic Surfaces for Effective Chemical Shielding”, Shuaijun Pan, 
Arun K. Kota, Joseph M. Mabry and Anish Tuteja, Journal of the American Chemical Society, 
2013, 135 (2), 578–581  
 
Journal Impact Factor:  10.677      Times Cited: 42 
 
This work was highlighted by Univ. of Michigan, NBC News, Popular Science, Wall Street 
Journal, Chemistry World, The Daily Mail, ASME, NASA, Geek.com, Science Daily, American 
Bazaar, Slashdot, Canada Free Press, The Deccan Herald, and over 100 more domestic and 
international newspapers and websites. 
 
Summary: Superhydrophobic surfaces display apparent contact angles θ* > 150° and low 

contact angle hysteresis Δθ* (the difference between the advancing and receding contact angles) 

with water, while superoleophobic surfaces display θ* > 150° and low Δθ* with low surface 

tension liquids.1,15-17 Superomniphobic surfaces display both superhydrophobicity and 

superoleophobicity. While surfaces that display superomniphobicity with various Newtonian92 

liquids have been previously engineered,19-30 there are few, if any, articles that report 

superomniphobicity with non-Newtonian92 liquids. In this work, we report surfaces that display 

superomniphobicity with non-Newtonian liquids (e.g., viscoelastic polymer solutions) in addition 

to a wide range of Newtonian liquids including concentrated organic and inorganic acids, bases 
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and solvents. Virtually all liquids – organic or inorganic, polar or non-polar, Newtonian or non-

Newtonian – easily roll-off and bounce on our surfaces, thereby making our surfaces ideal 

candidates for effective chemical shielding. We envision that our surfaces will have numerous 

applications including stain-free clothing and spill-resistant, breathable protective wear,24 

enhanced solvent-resistance,29 bio-fouling resistant surfaces,32 self-cleaning,9 drag reduction,34 

and light-weight corrosion-resistant coatings.93 

 

 
 
Figure 4. (a) An SEM image of the hierarchically structured surface illustrating the electrospun 
coating of cross-linked PDMS + 50 wt% fluorodecyl POSS on a stainless steel wire mesh 70. (b) 
Elemental mapping of fluorine on the hierarchically structured surface. The high surface fluorine 
content is expected to be due to the surface migration of the fluorodecyl POSS molecules. (c) An 
SEM image illustrating the re-entrant curvature of the electrospun texture. (d) Roll-off angles for 
various Newtonian liquids on the surface shown in (a). The inset shows an ethanol droplet rolling 
on the surface at a roll-off angle ω = 2°. (e) Droplets of various low surface tension Newtonian 
liquids showing very high contact angles on the surface shown in (a). (f) Jets of different 
Newtonian liquids shown in (e) bouncing on the surface shown in (a). 
 
Manuscript 5: “Transparent, Flexible, Superomniphobic Surfaces with 
Ultra-Low Contact Angle Hysteresis”, Angewandte Chemie International 
Edition, Kevin Golovin, Duck Hyun Lee, Joseph M. Mabry, and Anish 
Tuteja #, 2013, 52, 49, 13007–13011, December 2, 2013  
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Journal Impact Factor:  13.734      Times Cited: 2 
 
 
Summary: Engineered surfaces that repel low surface tension liquids such as various oils and 

alcohols have a wide array of applications including stain-proof apparel, fuel transport, chemical 

shielding and self-cleaning. Superomniphobic surfaces display apparent contact angles (θ*) 

greater than 150° and exhibit low contact angle hysteresis (the difference between advancing and 

receding contact angles) with essentially all liquids. Previous work has shown how re-entrant 

curvature is necessary for repelling low surface tension liquids. However, it is typically difficult 

to obtain ultra-low contact angle hysteresis (CAH, Δθ* < 5º) with such low surface tension 

liquids. In our recent work, we discussed the critical role of hierarchical texture in developing 

superomniphobic surfaces with ultra-low Δθ*. Unfortunately, such hierarchical, superomniphobic 

surfaces are usually opaque. The development of transparent superomniphobic surfaces is 

essential for a range of applications such as coatings for windows, phones, tablets, and computer 

screens. In this work we present a facile methodology for the development of flexible, highly 

transparent (optical transmission >90%), superomniphobic surfaces that can repel a range of low 

and high surface tension liquids.  

At the time of writing, only a handful of transparent, omniphobic surfaces have been 

fabricated. None of these surfaces possesses hierarchical texture, which yields ultra-low values 

for Δθ*. In most previous studies, transparency was only achieved at the cost of lower θ* and / or 

higher Δθ* for low surface tension liquids. In this work, using previously developed design 

parameters, we are able to tune the texture of our surfaces to develop one of the first transparent 

superomniphobic surfaces with ultra-low contact angle hysteresis.  
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Figure 5. A-B) Contact angle measurements with water, hexadecane and ethanol for pillars with 
D*=100. Filled symbols are advancing angles, and the open symbols are receding contact angles. 
The surface in B) is sprayed for 120 seconds. The inset shows the reentrant PDMS+F-POSS 
structure; scale bar is 5 µm. C) Droplets of varying surface tension beading up on an Apple 
iPhone® 3GS screen coated with 20 µm pillars with D* = 42, and spray coated with PDMS+F-
POSS for 120 seconds. The inset shows the top view of the same droplets to highlight the 
coating’s transparency. The scale bar is 500 µm. D) A design diagram for D* = 100 pillars 
combining transparency and repellency characteristics. The insets are optical images of droplets 
(from left to right) of water, hexadecane and ethanol sitting atop the spray coated pillars. Note 
the composite interface is clearly visible underneath the liquid droplets. 
 
Manuscript 6: “Extreme Light Absorption by Multiple Plasmonic Layers on Upgraded 
Metallurgical Grade Silicon Solar Cells”, Nano Letters, Duck Hyun Lee, Jae Young 
Kwon, Stephen Maldonado, Anish Tuteja, and Akram Boukai#, 2014, 14 (4), 1961–1967.  
 
Journal Impact Factor:  13.025  Times Cited: 0 
 
Summary: Currently, silicon-based solar cells account for more than 90% of the solar cell 

market62-64. Most commercial, silicon-based solar cells utilize crystalline silicon wafers whose 

thickness varies between 180 – 300 µm. For the solar cell market to continue its rapid growth, 
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there must be significant progress in lowering the solar cell module costs and the balance of 

system costs65-67. These costs in turn are dominated by the costs of the silicon raw material70,71,94, 

silicon purification65,67-69, as well as, the installation of the completed solar cell module70,94. In 

this work we attempt to meet these challenges by i) reducing the amount of silicon material used 

by producing ultrathin (t ~ 10 µm) solar cells, ii) adopting relatively impure, low-cost substrates 

in the form of upgraded metallurgical-grade (UMG) silicon, and iii) developing flexible solar 

cells to lower installation costs.  

The main challenge in developing solar cells utilizing thin silicon films is poor 

absorption70,71. Silicon has an indirect bandgap and thus requires the assistance of phonons for 

light absorption. This property hinders the efficient absorption of light and as a result requires the 

use of thick silicon (t > 100 µm). Therefore, improving the efficiency of an ultrathin, indirect 

bandgap solar cell requires engineering of the cell surface so that the light absorbance can be 

significantly increased.  

Several methods have been investigated thus far to increase the light absorbance of thin 

solar cells, including dielectric anti-reflection coatings95,96, surface texturing75,76,78,97-99, and 

utilizing surface plasmon resonance71,80,81,83. Amongst these approaches, surface plasmon 

resonance is a particularly exciting methodology for achieving dramatically higher light 

absorption in ultrathin solar cells. A plasmon is the collective oscillation of conduction electrons 

stimulated by incident light at the interface between a metal (Ag, Au, Pt) and a dielectric. Both 

the shape and the size of the metal are key factors in determining the coupling between the metal 

particle and the dielectric, and thereby the overall enhancement in the optical absorption 

efficiency caused by surface plasmonic resonance81. Further, precise three-dimensional 

placement of plasmonic metal particles can also be used to effectively concentrate light on top of 

the solar cell, and thereby increase its conversion efficiency100. Indeed, it has been recently 

shown that metallic plasmonic nanoparticles can dramatically increase the short circuit current in 

silicon solar cells81,94. One methodology for enabling, high-throughput, large-scale assembly of 
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an array of plasmonic metallic nanoparticles on top of a solar cell is block copolymer 

nanolithography82,90,101-104. In this work, we fabricate multiple plasmonic layers (either double or 

quadruple plasmonic nanoparticle layers) on top of ultrathin UMG-silicon solar cells using block 

copolymer nanolithography. These plasmonic nanoparticle layers act as highly efficient light 

absorbing coatings that dramatically improve the optical absorption of the developed solar cells. 

This scalable approach increases the optical absorptivity for our solar cells to ~ 98% over a broad 

range of wavelengths, and they achieve efficiencies of  ≈ 11%, which is a 300% increase over 

their bulk counterparts. The low-grade and ultra-thin silicon films used in the developed cells 

lower raw material costs, while the flexibility of the cells can lead to lower balance of systems 

costs. Detailed studies on the electrical and optical properties of the developed solar cells 

elucidate the light absorption contribution of each individual plasmonic layer. Finite-difference 

time-domain (FDTD) simulations were also performed to yield further insights into the obtained 

results. We anticipate that the findings from this work will provide useful design considerations 

for fabricating a range of different solar cell systems. 
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Figure 6. a, J–V curves for bare UMG-silicon (black), nanoporous UMG-silicon (blue), silver 
based double plasmonic layer on UMG-silicon (green), silver based double plasmonic layer 
(DPL) along with a top coating of spin on glass (green), UMG-silicon with a silver based 
quadruple plasmonic layer (red), and quadruple plasmonic layer without silver nanoparticles 
(Brown). Note the thickness of UMG-silicon is 180 µm. b, Absorbance spectrums for bare 
UMG-silicon (black), silver based double plasmonic layer on UMG-silicon (green) and silver 
based quadruple plasmonic layer on UMG-silicon (red).  c, Quantum efficiency curves for bare 
UMG-silicon (black), quadruple plasmonic layer without silver nanoparticles (blue), silver based 
double plasmonic layer on UMG-silicon (green) and silver based quadruple plasmonic layer on 
UMG-silicon (red). d, VOC and fill factors (FF) for each sample. e, f and g, Power absorption 
profiles calculated by finite difference time domain (FDTD) model under an incident light of 600 
nm along the x-z plane of bare silicon (e), silver based double plasmonic layer on silicon (f) and 
silver based quadruple plasmonic layer on silicon (g). Note the incident light is propagating 
along the z-axis and is polarized along the x-axis. White dotted lines show surfaces of silicon 
(near 0 nm) and SiO2 (near 100 nm). 
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